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Abstract 
 
One of an international problem is global warming which is rapidly going on increasing average 
surface temperature of the Earth. To reduce greenhouse gases which have increased to the Earth 
temperature, there have been numerous efforts to replace fossil fuels with eco-friendly batteries such as 
lithium ion cells, fuel cells, solar cells, and redox flow cells. Among them, the lithium ion cells is 
promising candidate for new energy sources due to relatively high gravimetric, volumetric energy 
density, and cost-effectiveness. 
To increase the energy density for lithium ion battery, LiNi0.4Mn1.6O4 has been considered due to its 
high operating potential of 4.7V vs. Li/Li+ and its reasonably high theoretical capacity of 147 mAh g-1. 
However, the LiNi0.4Mn1.6O4 shows poor cycling performances in full cell at elevated temperatures and 
has defects regarding dissolution of transition metal ion such as Ni, Mn, and decomposition of the 
electrolyte at high voltage, causing to inherent structure degradation of the LiNi0.4Mn1.6O4 cathode. In 
addition there exist obstacles about safety of the lithium ion battery. Despite of elaborate precautions, 
unpredictable accidents such as battery explosion happened due to exothermic reactions between highly 
volatile electrolyte and electrode materials at elevated temperatures. 
In this study, fluorinated hyperbranched cyclotriphosphazene, hexakis(2,2,2-trifluoroethoxy) 
cyclotriphosphazene (HFEPN), was employed as a functional additive to simultaneously enhance 
electrochemical performances and thermal stability of the LiNi0.4Mn1.6O4 cathode in lithium ion 
batteries. Along with improvement of the thermal stability and self-extinguishing time, it enhanced the 
electrochemical performances of Li/LiNi0.4Mn1.6O4 half cells, Li/graphite half cells, and graphite/ 
LiNi0.4Mn1.6O4 full cells by forming thermally stable and robust HFEPN-derived SEI layer on the 
cathode and anode. To understand the role of HFEPN as a flame-retardant and stabilization of the 
delithiated LiNi0.4Mn1.6O4 cathode with the electrolyte at elevated temperatures, the thermal stability 
was evaluated by differential scanning calorimetry (DSC). To investigate surface chemistry between 
the LiNi0.4Mn1.6O4 cathode and the electrolyte with or without HFEPN, the X-ray Photoelectron 
Spectroscopy (XPS) measurements for cycled cathode were performed. In addition, the dissolution of 
transition metal ions such as Ni and Mn were measured by inductively coupled plasma (ICP). The action 
of HFEPN for HF removal, which is expected to suppress the formation of resistive LiF component on 
the LiNi0.4Mn1.6O4 cathode surface was examined by nuclear magnetic resonance (NMR). These results 
suggested that the electrolyte with HFEPN can simultaneously enhance thermal stability and 
electrochemical performances of LiNi0.4Mn1.6O4 cathode. 
In full cells composed of the LiNi0.4Mn1.6O4 cathode and graphite anode with practical loading level, 
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the HFEPN additive led to significant enhancement of discharge capacity and Coulombic efficiency of 
LiNi0.4Mn1.6O4 cathode during cycling. 
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1. Introduction 
1.1 Demand for lithium ion batteries 
One of an international problem is global warming which is rapidly going on increasing average 
surface temperature in the Earth over the past century primarily due to the greenhouse gases released 
as people burn fossil fuels. To reduce the gases in transportation section occupying about 14%, there 
have been numerous efforts to replace fossil fuels with eco-friendly batteries such as lithium ion cells, 
fuel cells, solar cells, and redox flow cells (Fig. 1). Among them, lithium ion batteries (LIBs) are the 
most feasible power sources candidates for hybrid electric vehicles (HEVs), plug-in hybrid electric 
vehicles (PHEVs), and electric vehicles (EVs) because of high gravimetric, volumetric energy density, 
and cost-effectiveness.1-5 
Lithium ion battery consists of cathode (positive electrode), anode (negative electrode), non-aqueous 
liquid electrolyte, and separator. Cathode and anode materials decide the energy density, while the 
separator is a material which keep a cathode physically apart from an anode in order to prevent any 
electronic current passing between them and pass the charge carriers (ions). The role of electrolyte is to 
enable solvated lithium ions migration and serves as the medium for the transfer of charge, which are 
in the form of ions between the electrodes during charging or discharging process. (Fig. 2)6, 7 
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Figure 1. Illustration of annual greenhouse gas emissions by sector.  
(http://www.climatehotmap.org/about/global-warming-causes.html) 
 
 
 
Figure 2. Schmatic representation of lithium ion battery which contains a LiNi0.5Mn1.5O4 cathode, 
graphite anode, and liquid electrolyte. 
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Although lithium ion batteries have been successfully commercialized, conventional cathode 
materials such as LiCoO2 and LiFePO4 have unsatisfactorily performances of output potential, power 
density, safety, and energy density, up to 3.7V and 3.3V.8 Obviously high energy density of the cathode 
materials is needed to commercialize transportation applications (Fig. 3a).9 Among various 5V-class 
spinel LiNi0.5Mn1.5O4, LiNiPO4, and LiCoPO4 cathode materials, LiNi0.5Mn1.5O4 has recently become a 
promising candidate for high voltage lithium ion batteries cathode materials because of its high 
operating potential of 4.7V vs. Li/Li+ and its reasonably high theoretical capacity of 147 mAh g-1.10-15 
In addition, LiNi0.5Mn1.5O4 has advantages including less environmental impact, low cost, and inherent 
high Li+ diffusivity within the three-dimensional channels of the spinel structure, leading to a good rate 
capability and cycling stability. The structure of LiNi0.5Mn1.5O4 has cubic close-packed crystal structure 
with [Li]tet[M2]octO4 (M = Ni and Mn, ratio = 1:3). The LiNi0.5Mn1.5O4 have two types of ordered P4332 
phase and disordered Fd-3m phase types of crystal structures depending on ordering of Ni/Mn the 
octahedral sites.(Fig. 3b)16 For the ordered P4332 space group which synthesized by re-annealing at 
relative lower temperature 700 oC, Ni and Mn are taken in the octahedral 4b and 12d sites with Li ion 
occupying the 8c and O ions in 8c and 24e sites, respectively. In the Fd-3m phase with sintering heated 
to 900 oC, Ni and Mn are randomly located in the 16d site with Li and O ions occupying 8a and 32e 
site, respectively.17-24 In term of cycling of performance and rate capability, the disordered is superior 
to that of the ordered one because of increased Li+ diffusion coefficient. (Fig. 3c and 3d) 
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Figure 3. (a) Various cathodes of lithium ion batteries, (b) Schematic illustration of comparison of order 
and disorder, (c) Performance differences order and disorder structure of LiNi0.5Mn1.5O4. 
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1.2 Problems of 5V class LiNi0.5Mn1.5O4 
One of problems is that severe oxidative decomposition at the LiNi0.5Mn1.5O4-electrolyte interfaces 
occur due to exhibiting a low anodic limit of conventional carbonated-based electrolytes, around 4.3V 
vs. Li/Li+. (Fig. 4) Especially, the decomposition between LiPF6 salt and trace water in cell components 
such as electrode, separator, and electrolyte can accelerate the undesirable reaction such as HF 
production, leading to dissolution of transition metal ions from the LiNi0.5Mn1.5O4 cathode. (Fig. 5)25, 26 
The HF generation and the dissolution are accelerated under elevated temperature (Fig. 6)27, 28, 
indicating HF consumed a lot of the Li+ to form LiF on the LiNi0.5Mn1.5O4 cathode surface and caused 
the loss of active Li+.29-31 Mn3+ ions caused HF generated by hydrolysis LiPF6 in the cathode can take 
place at the interface of LiNi0.5Mn1.5O4 and the electrolytes, following disproportionation reaction 32-36 
 
2Mn3+ (solid) → Mn2+ (solution) + Mn4+ (solid) 
 
Soluble Mn4+ ions remains on the LiNi0.5Mn1.5O4 surface due to its insolubility in the electrolyte, 
while Mn2+ may migrate from the cathode to anode such as graphite. The Mn2+ ions are finally reduced 
to metallic Mn on the anode surface and the Mn deposition may change composition of Solid Electrolyte 
Interphase (SEI) on graphite.28 In addition, effects of Mn deposition on the electrochemical properties 
of the SEI may change structure of lithiated graphite from LiC6 to LiC24 and increased impedance of 
the graphite due to degradation of the anode. (Fig. 7)27 For these reason, it is important to form stable 
SEI under high voltage cathode and suppress the dissolution of transition metal ions such as Ni, Co, 
and Mn ions. 
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Figure 4. Schematic representation of potential window of conventional electrolytes. 
 
 
Figure 5. Procedure of HF generated by hydrolysis of LiPF6 salt. 
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Figure 6. pH paper stored with various temperatures, b) A comparison of transition metal dissolution 
behavior from fully delithiated LiNi0.5Mn1.5O4 cathode. The electrolytes were stored for 22 hour. 
 
 
 
 
Figure 7. (a) Proposed ion exchange model for the Mn deposition on the graphite anode during 
dissolution. (b) The graphite anode after different times of cycling at 0.5C and 55 oC, c) Variation of 
XRD peaks attributed to the LiC6 phase of fully lithiated graphite anode due to self-discharge with ion 
exchange. 
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1.3 Lithium Ion Battery Safety 
Safety issues have also been one of obstacles for the applications of large scale energy storage system 
in hybrid EV, PHEV and EV. These safety concerns are related to organic electrolyte including highly 
flammable and volatile linear carbonates such as dimethyl carbonate (DMC), ethyl methyl carbonate 
(EMC), and diethyl carbonate (DEC) with typical flash point of around 30 oC. These electrolytes can 
react with cell components at elevated temperature, generating exothermic reaction and causing thermal 
runaway at elevated temperature. (Fig. 8) To overcome these problems, numerous effort has been 
focused on flame-retardant development. To identify an ideal flame-retardant is that (a) more efficient 
in flame-retardant, (b) electrochemically stable on both anode and cathode. To be electrochemically 
stable on both electrode, it is important to understand molecular orbital such as highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy level, respectively. 
Namely, the molecular orbital energy level is tendency that can predict oxidation or reduction. For 
example, some compound which has lower HOMO energy level may not prefer losing their electron. 
The other compound which has higher LUMO energy level may not prefer getting some electron. 
Therefore, to be the ideal flame-retardant, it should have higher LUMO and lower HOMO. It have been 
devoted to effort to trying to using ionic liquids because of enhanced thermal stability and non-
flammability.37-39 But their drawback are poor low temperature performance due to low ionic 
conductivity, high viscosity that lead to poor wettability, incompatibility, and unstable at low potential 
because the cations are sensitive to electron injection.5, 40, 41 On the other hand, compounds containing 
phosphorus or fluorine to scavenge active radical hydrogen radicals that contribute to combustion chain 
reaction seem to be promising candidate for flame-retardant or non-flammable. Mechanism of TMP as 
function of the scavenging active hydrogen radicals is following.42 
1. TMP heated by an external heat sources is transferred into the gas phase. 
TMPliquid → TMPgas 
2. The evaporated TMP is taken apart into small radical species including phosphorus 
TMPgas → [P]∙ 
3. Small radical species including phosphorus to selectively scavenge the H∙ or OH∙ radical produced 
by the combustion of organic solvents, which are the main active production of combustion chain 
branching reactions 
[P]∙ + H → [P]H 
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4. The following combustion chain branching reactions are hindered because of deficiency of H∙ 
radical. Gaseous carbonate solvent is transferred in the flame to produce a hydrogen radical 
RH → R∙ + H∙ 
Hydrogen radical reacts with oxygen to produce oxygen and hydroxide radicals. Oxygen may result 
from the thermal decomposition of the cathode or electrolyte 
H∙ + O2 → HO∙ + O∙ 
The oxygen and hydroxide radicals react with hydrogen to produce more hydrogen radicals. 
Hydrogen may be a product of the reduction decomposition of electrolyte and water impurity42 
HO∙ + H2 → H∙ + H2O 
O∙ + H2 → HO∙ + H∙ 
After the reaction of P∙ radicals with organic solvents (PO∙ + OH∙ → HPO2∙ + 2OH∙ →H3PO4∙) the 
phosphoric acid becomes polyphosphoric acid at elevated temperature and makes a physical thermal 
insulator barrier (called char) between non-burned and burned by the condensation reactions. (Fig. 9)5 
The resulting char protects the non-burned parts from heat and oxygen transfer and impedes the 
combustion chain reaction of organic solvents decomposition.42, 43 Many researchers have made effort 
to develop flame-retardant or non-flammable to function radical scavenger such as phosphazene, 
phosphate, phosphite, phosphonate.43-56 (Fig. 10) However, because phosphate, phosphonate have a 
narrow potential window, they may tend to be reductive decomposition on graphite anode or oxidative 
decomposition on high voltage cathode. (Fig. 11 and Fig. 12) Therefore, there exists a trade-off 
between electrochemical performances and flame-retardation. Fortunately, unlike phosphate, 
phosphonate, phosphite, phosphazene are known for good compatibility on graphite anode. Recently, 
Zhaoping Liu reported ethoxy fluorocyclophosphazene as flame-retardant, as an electrolyte additive to 
stabilize cathode and anode surface.57 But the flame-retardant falls short of expectation in term of high 
voltage cathode. To be the ideal flame-retardant, various aspects of electrochemical performances and 
improvement of thermal stability between the electrode and electrolyte are required. 
Herein, fluorinated hyperbranched cyclotriphosphazene, hexakis(2,2,2-trifluoroethoxy) 
cyclotriphosphazene (HFEPN), was employed as a functional additive to simultaneously enhance 
electrochemical performances and thermal stability of the LiNi0.4Mn1.6O4 cathode in lithium ion 
batteries. The cyclotriphosphazene motif, as a structural core, is not only covalently bound to 
fluoroalkoxy substituents to impart redox stability but also improvement thermal stability and self-
extinguishing function because of having high densities of P and F within a single molecule. (Fig. 13) 
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Figure 8. Schematic representation of batteries explosion and cause. 
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Figure 9. Schematic representation of the non-flammability of electrolytes: (a) Thermal decomposition 
of conventional electrolyte based on carbonate solvents. (b) Flame-retardant by phosphorous flame-
retardant with electrolyte. 
 
 
 
Figure 10. Representative fire retardant additives. 
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Figure 11. (a) Electrochemical performances and (b) Coulombic efficiency of TMP, DMMP, HMPN 
on LiNi0.5Mn1.5O4 cathode at 60 oC. 
 
 
 
 
Figure 12. (a) Electrochemical performances and (b) Coulombic efficiency of TMP, DMMP on graphite 
anode at 30 oC. 
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Figure 13. (a) Function of HFEPN related, in terms of the molecular structure, (b) Structure of the 
HFEPN. 
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2. Experimental 
2.1 Electrode and Electrolyte 
The liquid electrolyte consists of ethylene carbonate (EC, 99.9%, Soulbrain), ethylmethyl carbonate 
(EMC, 99.9%, Soulbrain) and diethyl carbonate (DEC, 99.9%, Soulbrain) with 3:5:2 volume ratio and 
1.15M lithium hexafluorophosphate (LiPF6, 99.9%, Soulbrain). A slurry was mixed with 90% 
LiNi0.4Mn1.6O4 powder, 5% super-C, and 5% PVdF 6020 binder dissolved in NMP (99.5%, Aldrich). 
After mixing the components, the slurry was cast on Al foil then dried in a convection oven at 80 °C 
for 30 min and pressed; its thickness was around 36 μm. Before constructed 2032 coin half cells, the 
composite cathode was dried under vacuum at 120 °C for at 12h, respectively. The active material 
loading level and specific capacity of the LiNi0.4Mn1.6O4 cathode were 4.74 mg cm-2 and 0.56 mAh cm-
2, respectively. The properties of the anode were 94% graphite, 3% carbon black, and 3% binder (1.2% 
CMC + 1.8% SBR). The active material loading level and specific capacity of the graphite anode were 
8.20 mg cm-2 and 2.95 mAh cm-2, respectively. The thickness and porosity of polyethylene separator 
(SK Innovation Co., Ltd.) were 20 μm and 38%, respectively. A 2032 coin type half cells of 
Li/LiNi0.4Mn1.6O4 were constructed in an argon-filled glove box with moisture and oxygen content with 
less than 1.0 ppm. The half cells (Li/LiNi0.4Mn1.6O4) were galvanostatically precycled at a constant 
current corresponding to 0.2 C and voltage range from 3.5 to 5.0 V at 30 C. The full cells (graphite/ 
LiNi0.4Mn1.6O4) were precycled at a constant current corresponding to 0.1 C and voltage range from 3.0 
to 4.9 V with WonATech WBCS 3000. In addition, the cycling performance was tested at various C 
rates under 30 °C and 60 oC. After precycle, cell impedances were measured by means of an AC 
impedance analysis with an IVIUM frequency response analyzer (Ivium Technologies, The Netherlands) 
over a frequency range of 10 mHz to 1 MHz. To investigate anodic limits of the electrolyte, linear sweep 
voltammetry (LSV) was carried out with a scan rate of 2mV s-1 and Stainless steel as working electrode 
was used. The ionic conductivity and viscosity of electrolytes were measured at 25oC by using an 
Oakton CON 11 standard conductivity meter and BROOKFIELD viscometer (LVDV-ll+P), respectively. 
The active material loading level of the thick LiNi0.4Mn1.6O4 cathode for a full cell coupled with the 
graphite anode was 20.87 mg cm-2 and 2.51 mAh cm-2, respectively.  
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2.2 Characterization 
Proton (1H), carbon (13C), fluorine (19F), and phosphorous (31P) nuclear magnetic resonance (NMR) 
spectra were measured by Agilent (VNMRS 600) spectrometer with a tetrahydrofuran (THF)-d8 solvent. 
To examine effect of HFEPN on the thermal properties of the delithiated LiNi0.4Mn1.6O4 cathodes, 
Li/LiNi0.4Mn1.6O4 half cells were charged up to 5.0 V after precycled. After the half cells were 
disassembled in a glove box, the LiNi0.4Mn1.6O4 cathode was retrieved and rinsed with DMC solvent. 
Thermal stability of the resulting LiNi0.4Mn1.6O4 cathode (1.5 mg) and the electrolyte (0.75 mg) were 
measured by a differential scanning calorimetry (DSC, Mettler Toledo). Heating rate was 5 oC min-1 
under nitrogen atmosphere. Ex-situ X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha system) was conducted by Al Kα (hν = 1486.6 eV) radiation. To understand the dissolution 
behaviors of manganese and nickel ions, delithiated LiNi0.4Mn1.6O4 cathodes were soaked into the 
pristine electrolyte and stored in polyethylene bottles for 22 hour at 60℃. The amounts of Mn and Ni 
ions in the resulting electrolytes were then measured via inductively coupled plasma (ICP). 
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3. Result and discussion 
3.1 Purity of the HFEPN 
To investigate purity degree of the HFEPN synthesized, it was measured using NMR due to relatively 
high sensitivities and there were no residual NMR peak that may be produced in process of the synthesis. 
1H NMR spectra showed two peaks with chemical shifts of 4.5 – 4.42 ppm corresponding to CH2CF3. 
13C NMR spectra presented two characteristic carbon peaks at 124 and 64 ppm, which were assigned to 
OCH2CF3 and OCH2CF3, respectively. 19F NMR spectra revealed peak with chemical shifts at -76.3 
ppm which is assigned to OCH2CF3. 31P NMR spectra unveiled one peak at 14.1 ppm corresponding to 
N-P=N. The HFEPN had high purity because there was no residual peak. (Fig. 14) 
 
 
 
Figure 14. NMR spectra of (a) 1H, (b) 13C, (c) 19F, (d) 31P. 
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3.2 Self-extinguishing Time of the electrolyte with or without flame-retardant 
Conventional linear carbonate solvents such as DMC, EMC, and DEC are highly volatile and 
combustible. To investigate the self-extinguishing time (SET) of the electrolyte (0.25g) with or without 
5% HFEPN additive exposed in flame source, the times were measured using piece of glass fiber whose 
area is 2 cm width and 5 cm length, respectively. (Fig. 15) After 2 second of ignition, the flame source 
was removed. Burning time with 5% HFEPN flame-retardant additive was 2.9 second and normalized 
time was 11.6s g-1 while the pristine electrolyte burned 6.5 second and normalized time was 26 s g-1, 
respectively. These results mean that HFEPN was classified as flame-retardant based on definition of 
flammability materials (flammable: time > 20 s g-1, flame-retardant: 6 s g-1 < time < 20 s g-1, non-
flammable: time < 6 s g-1.58, 59 
 
 
 
 
 
 
 
 
Figure 15. Demonstration of the combustion test at 2.9 s. 
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3.3 Thermal stabilization on LiNi0.4Mn1.6O4 cathode  
To evaluate thermal stabilization of delithiated LiNi0.4Mn1.6O4 cathode, differential scanning 
calorimetry (DSC) analyses were performed in presence of the pristine electrolyte (EC:EMC:DEC, 
3:5:2, v/v/v with 1.15 M LiPF6) and fully delithiated LiNi0.4Mn1.6O4 depending on different 
concentration of the HFEPN. (Fig. 16a) The main peak at 226 C was attributed to the exothermic 
reaction between LiNi0.4Mn1.6O4 and the electrolyte solution. The exothermic reaction was due to the 
between thermal decomposition of carbonate solvents at non-uniform and thermally unstable SEI 
formed by pristine electrolyte. The effects of HFEPN as flame-retardant additive having chemical 
radical scavenging process, which terminates radical chain reactions, were proposed. (Fig. 16b) With 
the gradual increased amount of HFEPN in the electrolyte, the onset temperature in DSC curves moved 
to the higher temperature with the drastically reduced amount of heat production. Although it was 
noticeable even small concentration of 0.5% HFEPN, it made effect to reduce the exothermic heat. The 
exothermic heat production containing 5% HFEPN was noticeably suppressed from 499 to 138 J g-1 
and the onset temperature was deferred from 226 oC to 267 oC. In addition, 10% HFEPN decreased the 
exothermic heat production and moved to the onset temperature at 287 oC. This significant enhancement 
in the thermal stability between the LiNi0.4Mn1.6O4 cathode and the pristine electrolyte can be explained 
by self-extinguishing function of the HFEPN. These results revealed that the presence of the HFEPN in 
the electrolyte could effectively inhibit the decomposition of evaporated carbonate solvents in gaseous 
phase at elevated temperatures, although the LiNi0.4Mn1.6O4 particles were covered by thermally 
unstable pristine electrolyte-derived SEI. The reason why HFEPN including phosphorus and fluorine 
element itself may thermally decompose at elevated temperatures and produce R-P• radicals and F• 
radicals such as TMP.42 The R-P• radicals can scavenge carbon and proton radical formed in 
recombination process which was formed by the decomposition of the electrolyte, terminating the 
electrolyte combustion chain reactions. 
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Figure 16. (a) DSC heating curves of fully delithiated LiNi0.4Mn1.6O4 cathodes, (b) Possible mechanism 
of self-extinguishing path of the HFEPN. 
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It is important to understand not only properties of bulk chemical reaction, but also that of surface 
chemical reaction. To investigate the surface chemical reaction, the cathode in presence of the 
electrolyte with 5% HFEPN was charged up to 5.0 V vs. Li/Li+ after precycled and measured by the 
DSC measurement. (Fig. 17) The exothermic heat production with HFEPN-derived in the pristine 
electrolyte was reduced by the thermally stable HFEPN-derived SEI compared to the cathode with 
thermally unstable pristine-derived SEI about 30.8 % reduction and the onset was deferred from 226 to 
240 oC. (Table 1) It was good evidences that adding even small contents of 0.5% HFEPN in the 
electrolyte may help form thermally stable HFEPN-derived SEI at surface of the cathode particles. On 
the based results, HFEPN function as not only enhancement of thermal stability forming stable SEI at 
elevated temperatures but also self-extinguishing flame-retardant to scavenge the hydrogen radicals and 
hydroxyl radicals producing high exothermic heat production. (Fig. 18) 
 
 
 
Figure 17. DSC heating curves of the fully delithiated LiNi0.4Mn1.6O4. A fully delithiated 
LiNi0.4Mn1.6O4 cathode with the pristine-derived SEI or HFEPN-derived SEI was heated to 350 °C in 
presence of the pristine electrolyte. Thermal properties of a cathode with the HFEPN-derived SEI were 
examined in presence of both the pristine electrolyte and the 0.5% HFEPN-added electrolyte. 
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Table 1. Exothermic peak temperature and heat generated amount by thermal decomposition of 
delithiated LiNi0.4Mn1.6O4 cathodes in the electrolyte with or without 0.5% HFEPN. 
 
 Peak temperature △H 
Pristine-derived SEI + Pristine 226 oC 500 J/g 
HFEPN-derived SEI + Pristine 240 oC 346 J/g 
HFEPN-derived SEI + 0.5% HFEPN 263 oC 210 J/g 
 
 
 
 
Figure 18. Schematic representation of the thermal decomposition pathways of the electrolytes with or 
without HFEPN at the LiNi0.4Mn1.6O4 cathode. Free radicals such as R• and H• generated by the thermal 
decomposition of carbonate solvents at elevated temperatures can be effectively removed by the 
HFEPN flame-retardant. 
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3.4 Electrochemical performances of HFEPN on the Li/ LiNi0.4Mn1.6O4 half cells 
The stability of the LiNi0.4Mn1.6O4 cathode with HFEPN against electrochemical oxidation was 
measured by using linear sweep voltammetry (LSV). (Fig. 18) The LSV of voltage range was from 
open circuit voltage (OCV) to 6.0V. There was no noticeable anodic current peak in the electrolyte with 
5% HFEPN until 5.0V and a small anodic peak at approximately 5.1V, whereas the electrolyte with 
pristine showed anodic current peak at about 4.5V. This result suggested that the electrolyte with 5% 
HFEPN effectively improved the anodic stability and suppressed the electrolyte decomposition at high 
voltage. To further verity the impact of HFEPN on anodic limit of the electrolyte on fully delithiated 
Li/LiNi0.4Mn1.6O4 half cells, electrochemical floating tests were performed at constant voltage of 5.0V 
vs. Li/Li+ for 10h. (Fig. 19) The current intensity reflected electrochemical decomposition of the 
electrolyte at given voltage and the anodic potential limit of the electrolyte. Whereas the electrolyte 
with pristine showed a much larger leak current, which indicated significant oxidative decomposition, 
the leakage current in presence of the electrolyte with 5% HFEPN was greatly reduced, compared to 
the pristine electrolyte because of forming more stable surface HFEPN-derived SEI on the 
LiNi0.4Mn1.6O4 cathode. These results suggested that addition of HFEPN into the electrolyte helped the 
electrolyte tolerate high voltage of 5.0V.  
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Figure 19. LSV of the electrolyte with or without 5% HFEPN. 
 
 
 
Figure 20. Potentiostatic profiles of Li/ LiNi0.4Mn1.6O4 half cells maintained at a charge voltage of 
5.0V for 10 hour. 
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To evaluate the electrochemical behaviors of the Li/LiNi0.4Mn1.6O4 half cells with or without 5% 
HFEPN, galvanostatic oxidation and reduction, corresponding to charge and discharge, respectively, 
were conducted by Li/LiNi0.4Mn1.6O4 half cells. Initial precycle in the electrolyte with 5% HFEPN was 
conducted at a current density of 0.2C in the voltage range of 3.5-5.0V vs. Li/Li+. The voltage plateaus 
at around 4.0V and 4.75V were attributed to the electrochemical oxidation of Mn3+ to Mn4+ and Ni2+ to 
Ni4+, respectively. The initial Coulombic efficiency (ICE) of the electrolyte with 5% HFEPN was 
slightly high than that of pristine electrolyte. Charge capacity was increased due to deposition of the 
HFEPN in process of forming HFEPN-derived SEI during charging. In addition, discharge capacity was 
high than that of pristine electrolyte because HFEPN-derived SEI on the LiNi0.4Mn1.6O4 cathode 
hindered the oxidative decomposition of the electrolyte consuming Li+ and electron. 
 
 
 
 
 
Figure 21. Voltage profiles of Li/LiNi0.4Mn1.6O4 half cells with or without 5% HFEPN during 
precycling at 30oC. 
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The discharge capacity of Li/LiNi0.4Mn1.6O4 half cells in the electrolyte with or without 5% HFEPN 
were galvanostatically tested during 400 cycles. The cathode in the electrolyte with 5% HFEPN 
delivered a discharge capacity of 101 mAh g-1 and showed improvement of coulombic efficiency above 
97.6% compared to pristine electrolyte after 400 cycles. (Fig. 22) The discharge capacity retention of 
86 % is a clear improvement over 58% in the pristine electrolyte. 
 
 
 
 
Figure 22. (a) Discharge capacity and (b) Coulombic efficiency of the Li/LiNi0.4Mn1.6O4 half cells in 
the electrolyte with or without 5% HFEPN at 0.5C current rate at 30 oC. 
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At elevated temperature of 60 oC, the discharge capacity retention with or without HFEPN were 85% 
and 57% after 100 cycles, respectively. (Fig. 23) It was thought that HFEPN may build a chemically 
stable and thermally robust on the LiNi0.4Mn1.6O4 surface film, thereby effectively leading to inhibiting 
undesirable electrolyte decomposition at high voltage during cycling. The discharge capacity of 
Li/LiNi0.4Mn1.6O4 was slightly improved for the electrolyte with 5% HFEPN at 30 oC, whereas 
substantial improvement was observed for the electrolyte with 5% HFEPN at 60 oC. These results 
suggested the electrolyte decomposition may be accelerated at elevated temperatures and benefit from 
stabilization between LiNi0.4Mn1.6O4 and electrolyte interface by HFEPN. However, addition of 10% 
HFEPN showed slightly reduced discharge capacity compared to 5% HF EPN at 60 oC. This result 
implied that amount of the HFEPN was one of factor that influences the electrochemical performances 
on the Li/LiNi0.4Mn1.6O4 half cells.  
 
 
 
 
 
Figure 23. Discharge capacity of the Li/LiNi0.4Mn1.6O4 half cells in the electrolyte with or without 5% 
HFEPN at 0.5C current rate at 60 oC. 
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Rate capability of the LiNi0.4Mn1.6O4 cathode was measured under condition of various C rate. (Fig. 
24a) Significant improvement of the rate capability in presence of the electrolyte with 5% HFEPN 
meant that the HFEPN-derived SEI allowed more ionically conductive and fast Li ion conduction at 
high C rate. The LiNi0.4Mn1.6O4 containing the electrolyte with 5% HFEPN delivered a discharge 
capacity of 114 mAh g-1 at 5C, compared to that containing pristine electrolyte, corresponding to 97 
mAh g-1. However, the 10% HFEPN into the electrolyte showed lower rate performance compared to 
addition of 0.5% and 5% HFEPN, indicating the importance of optimal amount of HFEPN. (Fig. 24b) 
These results can be attributed to the effect of ionic conductivity and viscosity change depending on 
concentration of HFEPN into the electrolyte. The ionic conductivity and viscosity were conducted and 
presented that the electrolyte containing 10% HFEPN decreased the ionic conductivity from 6.8 to 6.2 
and became more viscous from 4.1 cP to 3.9 cP compared to the electrolyte with 5% HFEPN. (Table 2)  
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Figure 24. Rate capability of the Li/LiNi0.4Mn1.6O4 half cells with or without (a) 5% HFEPN and (b) 
various concentration of the HFEPN at different discharge C rate. Charge rate is fixed at 0.5C. 
Table 2. Ionic conductivity and viscosity of various electrolyte depending on concentration of HFEPN. 
 Ionic conductivity (mS/cm) @ room temp. Viscosity (cP) 
Pristine 7.9 3.6 
0.5% HFEPN 7.3 3.6 
5% HFEPN 6.8 3.9 
10% HFEPN 6.2 4.1 
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3.5 Electrochemical performances of HFEPN on the Li/graphite half cells 
Because various flame-retardant and non-flammable additive such as phosphate, phosphonate are 
decomposed on anodic graphite, it is important not to decompose at low voltage. For this purpose, the 
cycling performances of Li/graphite half cells were performed. (Fig. 25) The voltage profiles presented 
initial charge and discharge curves on the graphite anode. In process of initial lithiation on graphite 
anode to 0.01V vs. Li/Li+, there were two voltage plateaus related to the electrolyte decomposition via 
stable interface formation and Li intercalation into the graphite, respectively. In inset of Fig. 25, the 
dQ/dV plot showed improvement of the graphite stability, forming stable HFEPN-derived SEI. 
Obviously, the cycling performance of the electrolyte with 5% HFEPN was significantly improved 
while the discharge capacity of the pristine electrolyte was drastically decreased on the graphite with 
high mass loading of 8.72 mg cm-2 during 40 cycles. (Fig. 26) This result suggested that HFEPN into 
the electrolyte can form stable SEI and prevent undesirable electrolyte decomposition on graphite anode. 
On based these results, the role of HFEPN additive was i) alleviation of undesirable electrolyte 
decomposition in highly oxidizing environments and at low potentials cloase to 0 V, ii) restraint of the 
flammability of the electrolyte, iii) enhancement of the thermal stability at interfaces between electrode 
and electrolyte at high temperatures. 
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Figure 25. Voltage profiles of Li/graphite half cells in the electrolyte with or without 5% HFEPN at 
precycled. 
 
 
Figure 26. Discharge capacity of Li/graphite half cells in the electrolyte with or without 5% HFEPN 
during 40 cycles. 
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3.6 Impact of HFEPN on the surface chemistry of LiNi0.4Mn1.6O4 cathodes 
To grasp the mechanistic insights on the interfacial chemistry between high voltage LiNi0.4Mn1.6O4 
cathodes and electrolytes in the presence of HFEPN, ex-situ X-ray photoelectron spectroscopy (XPS) 
and 19F nuclear magnetic resonance (NMR) studies were performed. For comparison, after 100 cycles, 
the F 1s and C 1s XPS spectra of the LiNi0.4Mn1.6O4 cathodes cycled with or without 5% HFEPN were 
measured. Clearly, The F 1s XPS peaks showed that relative fraction of LiF peak at 685 eV was 
drastically reduced from 59% to 30% by addition of the HFEPN compared to the pristine electrolyte. 
(Fig. 27) This result implied that function of the HFEPN may eliminate HF that results in LiF formation 
on the LiNi0.4Mn1.6O4 cathode surface during cycling, form protective surface film (called HFEPN-
derived SEI) avoiding direct contact between the LiNi0.4Mn1.6O4 cathode surface and HF, leading to 
suppress LiPF6 salt decomposition. Moreover, the dissolution of Mn2+ ions from LiNi0.4Mn1.6O4 cathode 
can take place in the presence of HF and may migrate to the graphite, increasing impedance on anode. 
A relatively large fraction of LiF on the LiNi0.4Mn1.6O4 cathode in the pristine electrolyte indicated that 
the HF generated by hydrolysis reaction of LiF6 severely consumed Li ion to form LiF on the 
LiNi0.4Mn1.6O4 cathode surface and caused loss of the active Li ion. 29-31 It is worthy to note that trace 
amounts of moisture in a cell can cause the following hydrolysis reactions of the LiPF6 salt. 25, 30, 60, 61 
 
LiPF6 → LiF + PF5                     (1) 
 
PF5 + H2O → POF3 + 2HF                            (2) 
 
POF3 + H2O → PO2F2- + H+ + HF                                 (3) 
 
PO2F2- + H2O → PO3F2- + H+ + HF                                 ( 4 ) 
 
PO3F2- + H2O → PO43- + H+ + HF                           (5) 
 
The P-F peak can be attributed to the SEI components produced by the decomposition of LiPF6 and 
HFEPN at the LiNi0.4Mn1.6O4 cathode. 
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To further confirm the SEI components of the HFEPN-derived SEI on the LiNi0.4Mn1.6O4 cathode, C 
1s XPS was measured. The C 1s core level peak was attributed to the CF3 moiety, appeared at 292.5 eV 
in presence of the 5% HFEPN electrolyte, whereas that of the pristine electrolyte was not observed in 
the LiNi0.4Mn1.6O4 cathode cycled. It was evidence for the HFEPN in the electrolyte to form additional 
film on the LiNi0.4Mn1.6O4 cathode surface because of having the CF3 in the 2,2,2-trifluoroethoxy (-
OCH2CF3) groups of HFEPN. A relatively large fraction of Li2CO3 at 290 eV was observed on the 
LiNi0.4Mn1.6O4 cathode surface in the electrolyte with 5% HFEPN. (Fig. 28) The Li2CO3 which can 
protect the LiNi0.4Mn1.6O4 cathode as SEI components was more stable than the R-OCO2Li species that 
appeared at 288.3 eV (O=C-O), was produced by decomposition of electrolyte containing carbonate 
solvents during discharge process.62 The HF produced by the LiPF6 salt hydrolysis can cause the 
dissolution of Mn2+ from LiNi0.4Mn1.6O4 cathode and generate LiF that can increase impedance on the 
electrode surface.63  
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Figure 27. F 1s XPS spectra of LiNi0.4Mn1.6O4 cathode in the electrolyte (a) without HFEPN or (b) with 
5% HFEPN. 
 
 
 
 
 
 
Figure 28. C 1s XPS spectra of LiNi0.4Mn1.6O4 cathode in the electrolyte (a) without HFEPN and (b) 
with 5% HFEPN. 
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To investigate the function of HFEPN as suppressing the LiPF6 salt hydrolysis in the electrolyte and 
HF removal from the electrolyte, 3 vol% water was intentionally added to the electrolyte with or without 
5% HFEPN. The electrolytes were stored for 24 hour at 30 oC and observed by 19F NMR spectroscopy 
for changes. (Fig. 29). 19F has 100% natural abundance and relatively high sensitivities with one-half 
spin number (I = 1/2). The 19F NMR spectra showed peak of PF6- dissociated from the LiPF6 salt at -
72.9 ppm and -74.3 ppm, respectively. A doublet peak of PO3F2- at the chemical shift of –75.8 ppm and 
-77.5 ppm and the peaks of PO2F22- at around -83.7 ppm and -85.4 ppm were produced by the LiPF6 
salt hydrolysis, respectively.25, 61 The HF corresponding to -155 ppm in the 19F NMR spectra with 
pristine electrolyte was observed due to LiPF6 salt hydrolysis reaction compared to that of the HFEPN. 
In addition, the peak of PO3F2- and PO2F2- disappeared. Instead, a noticeable feature in electrolyte with 
HFEPN was -75.6 ppm for CF3 attributed to 2,2,2-trifluoroethoxide (OCH2CF3) of HFEPN. These 
results suggested that the HFEPN additive served as an acid scavenger, eliminating Lewis acidic PF5 or 
Brønsted acidic HF. The non-nucleophilic phosphazene base in nitrogen atom of the HFEPN can uptake 
PF5 or HF. Scavenging of the PF5 by HFEPN suppressed reactions of the equation (2-4) corresponding 
to the LiPF6 salt hydrolysis that can decompose to HF, PO2F2-, and PO3F2-. Accordingly, no peaks 
attributed to HF, PO3F- and PO2F2- were observed in the electrolyte with HFEPN. The HF can dissolve 
transition metal such as Ni and Mn ions from the LiNi0.4Mn1.6O4 cathode and these metal ions may 
migrate the graphite anode, causing change the SEI components and increasing the impedance of 
electrode. Therefore, HF removal in the electrolyte can lead to a drastically reduced Ni and Mn 
dissolution from the delithiated LiNi0.4Mn1.6O4 cathode with the HFEPN-derived SEI. (Fig. 30) 
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Figure 29. 19F NMR spectra of the electrolyte (a) without HFEPN and (b) 5% HFEPN (HF peak is 
shown in the corresponding inset). (c) HFEPN as scavenger, eliminating Lewis acidic PF5 and Brønsted 
acidic. 
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Figure 30. Content of dissolved transition metal from fully delithiated LiNi0.4Mn1.6O4 cathodes with 
and without a HFEPN-derived SEI after storing in pristine electrolyte at 60 °C for 22 h. 
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3.7 Electrochemical performances of HFEPN on the graphite/ LiNi0.4Mn1.6O4 full cells 
To verify electrochemical performances of graphite/LiNi0.4Mn1.6O4 full cells (20.87 mg cm-2 for the 
LiNi0.4Mn1.6O4 cathode, 8.20 mg cm-2 for the graphite anode) with or without 5% HFEPN. The initial 
voltage profiles of the full cells presented two voltage plateaus at around 4.0V and 4.75V, which were 
attributed to the electrochemical oxidation of Mn3+ to Mn4+ and Ni2+ to Ni4+, respectively. (Fig. 31) The 
initial discharge capacity of the full cell in the electrolyte with 5% HFEPN improved slightly compared 
to pristine electrolyte, indicating that surface of the cathode with HFEPN can prevent the Li ions loss 
from irreversible electrolyte decomposition, forming stable SEI under high voltage. The full cell in 
presence of the pristine electrolyte presented rapid capacity fading over the 100 cycle, and delivered 
only a relatively low discharge capacity of 36 mAh g-1, whereas the full cell with HFEPN electrolyte 
exhibited significantly improved discharge capacity of 67 mAh g-1 after 100 cycles. (Fig. 31) These 
results suggested that the HFEPN enhanced the electrochemical performances of the full cells by 
forming stable and robust SEI film on the LiNi0.4Mn1.6O4 cathode and graphite anode. The full cell in 
presence of the HFEPN presented the enhancement in Coulombic efficiency of 99.4 % compared to the 
pristine electrolyte of 99.0 %. A lower Coulombic efficiency in the full cell was be ascribed to the 
following two reactions. First, one was the repairing of destroyed SEI layer on the cathode and anode, 
resulting in a net consumption of Li from the LiNi0.4Mn1.6O4 cathode. Second, the other was the 
dissolution of metal ions from the LiNi0.4Mn1.6O4 cathode, which may cause the capacity fade, as the 
ions migrate toward the anode during cycling and their deposition leaded to the extraction of Li+ from 
the lithiated graphite anode. 
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Figure 31. Electrochemical performances of graphite/LiNi0.4Mn1.6O4 full cells with or without 5% 
HFEPN. (a) Voltage profiles during precycling, (b) Discharge capacity retention, (c) Coulombic 
efficiency. 
  
Specific Capacity (mAh g
-1
)
0 20 40 60 80 100 120 140 160
V
o
lt
a
g
e
 (
V
)
2.0
2.5
3.0
3.5
4.0
4.5
5.0
Pristine
5% HFEPN
Cycle Number
0 20 40 60 80 100D
is
c
h
a
rg
e
 C
a
p
a
c
it
y
 (
m
A
h
 g
-1
)
0
20
40
60
80
100
120
Pristine
5% HFEPN
a
b
Cycle Number
0 20 40 60 80 100
C
o
u
lo
m
b
ic
 E
ff
ic
ie
n
c
y
 (
%
)
86
88
90
92
94
96
98
100
Pristine
5% HFEPN
c
49 
 
4. Conclusions 
In this study, fluorinated hyperbranched cyclotriphosphazene, hexakis(2,2,2-trifluoroethoxy) 
cyclotriphosphazene (HFEPN), having multiple phosphorus and fluorine atom in a molecule as 
promising flame-retardant, was employed for high voltage lithium ion batteries. HFEPN significantly 
improved the electrochemical performances and thermal stability on LiNi0.4Mn1.6O4 cathode and 
graphite anode, whereas the conventional flame-retardant such as TMP, DMMP often showed 
disappointed results of electrochemical performances for satisfying safety. Ex-situ XPS and NMR 
analyses results suggested that the HFEPN additive formed stable and robust SEI on LiNi0.4Mn1.6O4 
cathode and graphite anode and effectively eliminated Lewis acids and Brønsted from the electrolyte. 
DSC and electrochemical results consistently indicated that the exothermic reactions between the 
delithiated LiNi0.4Mn1.6O4 cathode and the electrolyte can be drastically reduced by HFEPN, with the 
enhanced cycling performances at 60 oC because of improvement of the thermal stability. Noticeably, 
the HFEPN additive was further evaluated in full cells with the practical-level high mass loading 
revealing the unambiguous improvements of cycling performances. The combined synthetic chemical 
and analytical approaches will contribute to the rational design of next-generation self-extinguishing 
compounds for the high electrochemical performance large-scale lithium ion batteries with enhanced 
safety. 
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